In response to decreased activity, neurons make global compensatory increases in excitatory synaptic strength. However, how neuronal maturity affects this process is unclear. We silenced cultured hippocampal neurons with TTX at 7 days in vitro, during rapid synaptogenesis, and at 14 days, when major synaptogenesis is complete. For each age, we have explored the effects of short (1 day) and longer (2 days) periods of silencing. We have confirmed that the changes in synaptic strength depend on 2 main mechanisms, one presynaptic and the other postsynaptic. The presynaptic mechanism involves an increase in the probability of neurotransmitter release, mostly arising through an increase in the number of synaptic vesicles available for release. The postsynaptic mechanism operates through an increase in the number of postsynaptic receptors for the excitatory neurotransmitter glutamate. When neurons are silenced for 1 day, young neurons employ the postsynaptic mechanism, whereas more mature neurons increase their strength through the presynaptic mechanism. The postsynaptic strengthening in young neurons does not depend on gene transcription, whereas the presynaptic mechanism does. If neurons are silenced for 2 days, younger and older neurons employ both pre and postsynaptic mechanisms for synaptic strengthening. We also found evidence for 2 additional mechanisms that increased the effective synaptic coupling between neurons after 2 days of silencing: an increase in the number of synapses, and an increase in the electrotonic length of dendrites. These results expand our basic understanding of neuronal homeostasis, and reveal the developmental regulation of its expression mechanisms.
H
ebbian forms of synaptic plasticity such as long-term potentiation (LTP) and long-term depression (LTD) are intensively studied examples of how activity can alter synapses locally, but global changes in synaptic strength have long been known to occur after synaptic transmission has been prevented (1, 2), a phenomenon known as ''denervation hypersensitivity.'' More recent investigations have deepened our understanding of the underlying mechanisms through which reductions in activity drive increases in synaptic strength, whereas increased activity has the opposite effect (3, 4) . The phenomenon is now termed activity-dependent homeostasis.
Homeostatic changes are slow to manifest, with effects first seen after hours and days, and cumulative, with changes increasing steadily over time (5) (6) (7) . Several groups have found marked postsynaptic strengthening after neuronal silencing, shown by an increase in miniature excitatory postsynaptic current (mEPSC) amplitude, with no increase in presynaptic function, as measured by mEPSC frequency (5, 7, 8) . In contrast, other groups have observed a large increase in presynaptic function with modest or no postsynaptic changes (6, 9, 10) .
Although homeostasis of synaptic strength is assumed to function throughout life, little is known about how maturity affects this process. A recent study looking at the development of homeostatic mechanisms in cultured visual cortical neurons found that silencing very young neurons resulted in postsynaptic strengthening, whereas inactivation later resulted in presynaptic strengthening (11) .
The main goals of this study were to define how development affects the responses of hippocampal neurons to silencing, and whether transcription was required for these responses.
Results
Time Course of Synaptogenesis. Because our plan was to silence cultured neurons both when synaptogenesis is most rapid and when it has reached a plateau, we determined the time course of synaptogenesis in hippocampal neuronal cultures using immunostaining of synaptic proteins. We defined synapses as puncta with colocalization of glutamate receptor subunit 1 (GluR1, postsynaptic) and synaptophysin (presynaptic). We excluded ''silent synapses,'' NMDA receptor-only synapses (12) , from our synapse counts to facilitate the comparison of immunochemically defined synapses with synapse number estimated by electrophysiology, which only assayed ''nonsilent'' synapses. We counted synapses containing both cell-surface GluR1 and synaptophysin, and normalized synaptic numbers based on dendritic length to provide an estimate of synaptic density (Fig. S1 A) . Synapse density increased rapidly from 7 to 12 days in vitro (div) before leveling off. Therefore, we selected 2 time points, 7 div, during major synaptogenesis, and 14 div, when rapid synaptogenesis is completed, to examine the effects of silencing. For each age, activity was blocked for 24 or 48 h with TTX.
Initial Demonstration of Synaptic Homeostasis. As an initial characterization of the effects of chronic inactivity on cultured hippocampal neurons, we used cell-attached voltage clamping to measure action potential (AP) frequency in control cultures and those treated with TTX. The occurrence of APs can be seen, because capacitatively coupled currents with a high signal to noise ratio (Fig. S1B) . TTX abolished all fast APs. All conditions tested showed that AP frequency was increased after TTX treatment (the TTX was removed for recording) compared with control cultures. Eight div control neurons had an average firing rate of 0.4 Ϯ 0.1 Hz, which doubled after 1 day of silencing to 0.8 Ϯ 0.2 Hz (n ϭ 6 cultures, n ϭ 20-24 cells, P Ͻ 0.05, Mann-Whitney rank sum test). After 9 div, control neurons still had a firing rate of 0.4 Ϯ 0.1 Hz, which again doubled to 0.8 Ϯ 0.1 Hz after 2 days of inactivation (n ϭ 6, n ϭ 21-26, P Ͻ 0.005). Firing rates in 15 div cells increased 3-fold from 0.3 Ϯ 0.2 Hz in control neurons to 1.0 Ϯ 0.25 Hz after 24 h silencing (n ϭ 7, n ϭ 21, P Ͻ 0.001), and 16 div neurons increased 6-fold from 0.2 Ϯ 0.1 Hz in controls to 1.2 Ϯ 0.5 Hz after 2 days of silencing (n ϭ 2, n ϭ 7-11, P Ͻ 0.05) (Fig. S1B ). These results demonstrate that the output of the cells, their firing rate, increases after activity deprivation, consistent with homeostatic mechanisms. It is also interesting to note the stability of AP rate in control cells over time, illustrating the ability of homeostatic mechanisms to control excitability during synaptogenesis and development of axonal and dendritic arbors.
A rise in the AP frequency is a basic readout of the excitability of cultures, but many factors can contribute to this measure of activity, including the balance of inhibition and excitation in the network, the intrinsic excitability of the cells, cable properties of dendrites, and altered synaptic strength. To evaluate changes in synaptic strength specifically, we recorded EPSCs evoked by field stimulation in pyramidal neurons after adding picrotoxin to the external solution to block GABA A receptor mediated responses. This method allowed us to monitor evoked synaptic transmission at all of the functional inputs onto one cell.
We find that excitatory drive onto the cells is increased after inactivity for all time points tested (Fig. S1C) . EPSCs of younger neurons increased in amplitude from 1.9 Ϯ 0.2 nA in controls to 3.6 Ϯ 0.4 nA after 1 day of treatment (n ϭ 6, n ϭ 22-28, P Ͻ 0.0005, 2-tailed t test), and from 2.5 Ϯ 0.2 nA in controls to 3.4 Ϯ 0.3 nA after 2 days of silencing (n ϭ 6, n ϭ 19-20, P Ͻ 0.05). EPSC amplitudes in older cells increased from 3.5 Ϯ 0.4 nA to 5.1 Ϯ 0.4 nA after 1 day of silencing (n ϭ 5, n ϭ 16-19, P Ͻ 0.05), and from 4.2 Ϯ 0.5 nA to 6.9 Ϯ 0.6 nA after 2 days of silencing (n ϭ 3, n ϭ 11-12, P Ͻ 0.005). These results confirm that the output of neurons in culture is homeostatically regulated, and that at least 1 component of this regulation is an increase in the overall excitatory synaptic input to the cell after inactivity.
We have shown that excitatory neurons homeostatically increase their activity after silencing through higher rates of AP firing and increased excitatory synaptic transmission. In both younger and older neurons, longer silencing results in greater homeostatic strengthening. We now turn to an analysis of the specific mechanisms underlying the homeostatic increase in synaptic strength. To simplify the presentation of our results, we will initially consider data from younger and older neurons that have been silenced for a single day, and then describe the differences seen after the neurons have been deprived of activity for 2 days.
Miniature EPSC Characteristics. To identify the mechanisms that increase excitatory synaptic transmission, we recorded and analyzed the properties of mEPSCs in our cells. To decrease culture-toculture variability, we recorded from a similar number of control and silenced neurons from each culture preparation with a minimum of 3 cells per condition per day. The averaged result from control cells in each preparation was used to normalize results from treated cells from the same day. We used mEPSC frequency as an initial indicator of presynaptic strength and mEPSC amplitude as a preliminary measure of postsynaptic responsiveness.
In response to 1 day of silencing, younger cells showed a small but insignificant decrease in the mEPSC frequency (89.3 Ϯ 0.1% of control, n ϭ 7, n ϭ 23, P Ͼ 0.5, 2-tailed t test), whereas older cells exhibited a large potentiation, increasing mEPSC frequency to 204.7 Ϯ 31.3% (n ϭ 8, n ϭ 25-27, P Ͻ 0.01) of control after 24 h silencing (Fig. 1A) without a change in mEPSC amplitude (Fig. 1B) . In contrast to the lack of change in presynaptic function seen in the younger cells, we found that after 1 day of TTX treatment, these younger cells substantially increased postsynaptic strength, as measured by mEPSC amplitude, to 148.7 Ϯ 17.0% of the control values. Miniature EPSC amplitude measures the magnitude of synaptic currents, but, because synapses are arrayed along the length of dendrites, amplitude can also be strongly influenced by dendritic cable properties. We evaluated these mechanisms more directly. To minimize the effects of dendritic filtering, we measured the total charge transfer, or area, of mEPSCs that is less affected by filtering than mEPSC amplitude (13, 14) . We find that the increase in mEPSC amplitude in younger cells is matched by an increase in mEPSC charge transfer to 132.5 Ϯ 12.5% (N, n same as mEPSC data, P Ͻ 0.05), which means that cable filtering probably had at most a small effect in these cells. Neither mEPSC amplitude nor charge transfer were affected in older neurons (P Ͼ 0.2) after 1 day of inactivity (Fig. 1B) .
Based on mEPSC frequency, we would conclude that, with 24 h of activity deprivation, younger neurons show no evidence of a presynaptic mechanism for the synaptic strengthening described above, whereas the older neurons appear to exhibit a robust presynaptic strengthening. From changes in mEPSC amplitude, young neurons strengthen their synapses by a postsynaptic mechanism, whereas the older neurons do not use this mechanism. Both mEPSC frequency and amplitude depend on various factors that we have examined in more detail to determine limits on the accuracy of the conclusions just presented.
AMPA Receptor Expression. The expected postsynaptic mechanism for changes in synaptic strength is an altered number of postsynaptic receptors. To determine directly the extent to which this mechanism can account for the altered mEPSC amplitudes reported above, we used quantitative immunofluorescence staining to estimate numbers of postsynaptic receptors. We examined the intensity of cell-surface expression of an AMPA receptor subunit, GluR1, colocalized with a presynaptic marker, synaptophysin ( Fig. 2A  Upper) . Cell-surface GluR1 is a good marker for postsynaptic strength, because it is present in most AMPA receptors in hippocampal pyramidal neurons, and has been shown to increase in response to activity deprivation (15) .
In younger cells, GluR1 staining increased to 125.9 Ϯ 8.1% (n ϭ 3, n ϭ 19-24, P Ͻ 0.01) after 1 day of silencing (Fig. 2 A Lower). Thus, for younger neurons silenced for 1 day, the increase in mEPSC amplitude probably results from an increase in postsynaptic AMPA receptor expression. In comparison, in older cells, GluR1 intensity was not significantly increased after 1 day of inactivity (108.4 Ϯ 4.00%, n ϭ 4, n ϭ 32, P Ͼ 0.1) ( Fig. 2 A Lower). In older neurons, then, 1 day of inactivation produced no detectable increase in the number of synaptic receptors, consistent with the lack of change in mEPSC amplitude.
Miniature EPSC Frequency Increase. Older neurons with more mature synapses exhibited an increase in the mEPSC frequency noted above. To investigate the possibility that mEPSC frequency reflected an increase in synaptic vesicles available for release, we used FM1-43 labeling of the readily releasable pool (RRP) of synaptic vesicles. Previous work with both electrophysiology and optical imaging techniques has shown that release probability (P r ) and RRP size are highly correlated at hippocampal neurons, and that the ultrastructural correlate of these 2 measures is the docked vesicle pool (16, 17) . We labeled the RRP with FM1-43, and found no difference in the size of the RRP of young cells after 24 h of inactivity (n ϭ 4, n ϭ 12-14, P Ͼ 0.9). In older cells, the RRP was larger after 1 day of silencing at 123.90 Ϯ 7.29% (n ϭ 4, n ϭ 12-14, P Ͻ 0.05) of controls (Fig. 2B) . In summary, depriving neurons of activity for 24 h causes an increase in the size of the RRP only in older neurons.
Transcription Block. Denervation hypersensitivity at the neuromuscular junction is known to be blocked by inhibitors of protein synthesis (18) . To examine the molecular pathways underlying pre and postsynaptic modes of homeostatic strengthening at central synapses, we examined the importance of new protein synthesis and mRNA transcription. We blocked protein translation using both cycloheximide (71 M) and emetine (20 M), but found significant cell death and neurite retraction after 24 h treatment. (Fig. 3A) . However, we find that blocking transcription with A-D treatment prevents the increase in mEPSC frequency caused by inactivity (Fig.  3B ). Miniature EPSC frequency in A-D/TTX treated neurons did not significantly change compared with A-D treated neurons (n ϭ 4, n ϭ 12-14, P ϭ 0.68). Sister cultures treated with TTX showed elevated mEPSC amplitudes to 177.9 Ϯ 33.6.% over control neurons (n ϭ 4, n ϭ 13-14, P Ͻ 0.05). To investigate the mechanism of inhibition of mEPSC frequency elevation when both transcription and activity are blocked, we directly measured presynaptic function using FM imaging. In neurons treated with A-D and TTX, the size of the RRP did not change (n ϭ 4, n ϭ 12, P ϭ 0.53). RRP size increased to 128 Ϯ 9.0.% in sister cultures inactivated with TTX (n ϭ 4, n ϭ 14-15, P Ͻ 0.05) (Fig. 3C ). In summary, presynaptic homeostatic changes due to synapse silencing (as measured by mEPSC frequency) in older neurons can be prevented by blocking transcription, but transcription block in young neurons has no effect on postsynaptic homeostatic plasticity.
Prolonged Silencing. We found, as described above, that silencing for 1 day produced only presynaptic strengthening in older neurons and only postsynaptic strengthening in younger neurons. However, we have found that this clean dichotomy breaks down after 2 days of silencing, and the picture becomes more complex, partly because of the presence of additional homeostatic mechanisms. The difference in mEPSC frequency seen after 2 days of TTX treatment is greater than after a single day. After an additional day of silencing (48 h total), mEPSC frequency remained unchanged in younger neurons (73.8 Ϯ 0.1 of control, n ϭ 5, n ϭ 19-20, P Ͼ 0.1), whereas it was further elevated in older neurons from 204.7% after 1 day of TTX treatment to 303.2 Ϯ 63.2% (n ϭ 5, n ϭ 17-20, P Ͻ 0.05) after 2 days (Fig. 4A) .
Surprisingly, in young neurons after 48 h of inactivity, mEPSC amplitudes returned to control levels (N, n same as mEPSC frequency data, P Ͼ 0.8) rather than increasing more. However, in older neurons with 48 h of silencing, mEPSC amplitude showed a significant, but modest, increase to 121.8 Ϯ 7.4% (P Ͻ 0.05), without a corresponding increase in mEPSC charge transfer in older neurons silenced for 48 h. This observation can be interpreted (see below) to mean that the observed increase in synaptic current amplitude is, possibly in large part, the result in a change in cable filtering (Fig. 4B) .
Again to assess the contribution of postsynaptic receptor expression to mEPSC amplitudes, we stained for cell-surface, synaptic AMPA receptors. In young neurons, GluR1 staining remained a
mEPSC amplitudes. Presumably, then, the slightly elevated concentration of AMPA receptors is insufficient to be detected electrophysiologically against the considerable background variability in mEPSC amplitude. In older neurons, GluR1 levels also showed a small increase to 113.9 Ϯ 5.32% over controls (n ϭ 4, n ϭ 26, P Ͻ 0.05) (Fig. S2 A) .
To evaluate the contribution of increased probability of release to the elevated mEPSC frequency, we measured the average RRP size using FM staining. In younger neurons, after 48 h silencing, there was an increase to 127.1 Ϯ 12.5% (n ϭ 4, n ϭ 13-14, P Ͻ 0.05) over controls. In older neurons, the RRP pool size further increased from 123.9% after 1 day to 136.6 Ϯ 11.6% (n ϭ 4, n ϭ 12, P Ͻ 0.05) after 48 h of inactivity (Fig. S2B) .
Synapse Number. Two factors that could produce the increased mEPSC frequency noted above are increases in the number of docked vesicles per synapse and/or an increase in the number of synapses. We have examined both of these possibilities. Because estimates for the numbers of excitatory synapses are difficult to derive from electrophysiology, and because FM-labeled presynaptic boutons are not restricted to excitatory synapses, and may not appose a postsynaptic partner, we turned to immunofluorescence labeling to count the relative numbers of synaptic contacts based on structure. Because we were interested only in those synapses contributing to changes in mEPSC frequency, we defined synapses as puncta showing colocalization of GluR1 and synaptophysin.
Synapse density dropped in younger cells after 1 day of inactivation to 76.6 Ϯ 6.4% (N, n same as GluR1 staining data, P Ͻ 0.05) of control levels, whereas 2 days of inactivation saw a return to control levels (P Ͼ 0.4), presumably because the generation of new synapses outpaced synapse elimination. We note that this decrease in synapse number after 1 day of silencing could account for the small (89.3%) but statistically insignificant decrease in mEPSC frequency we observed in younger neurons after 1 day of TTX treatment (as compared with control). The observation that mEPSC rates and synapse density may not match raises the possibility that even younger cells silenced for a single day could have experienced a small increase in presynaptic function that was obscured by synapse elimination. In contrast, older cells exhibited no change in synapse number after 1 day of silencing (P Ͼ 0.1) and an increase to 127.3 Ϯ 11.2% at 2 days (P Ͻ 0.05; Fig. S3 ). These findings indicate that structural plasticity occurs during homeostatic responses, and that young and old neurons react differently to loss of activity. Also, part of the increase in mEPSC frequency in older neurons is likely due to a greater number of synapses after silencing.
Cable Filtering of mEPSCs. In younger neurons silenced for 24 h, both mEPSC amplitude and charge transfer (area) were larger (Fig. 1B) . However, the increased mEPSC amplitude in older cells silenced for 48 h was not accompanied by a significant change in mEPSC charge transfer (Fig. 4B ). These observations indicate that reduced electrotonic filtering of synaptic currents contributes to changes in mEPSC amplitude in older neurons silenced for 2 days.
To examine this possibility further, we analyzed the kinetics of mEPSCs, because reduced filtering should also decrease the mEPSC rise time. Indeed, we did find a decrease to 86.2 Ϯ 4.0% (P Ͻ 0.05; Fig. S4A ) in the 10-90% rise time of mEPSCs in older cells inactivated for 2 days, the same time point that exhibited larger mEPSC amplitudes with no change in charge transfer (Fig. 4B) . We did not find corresponding decreases in mEPSC decay times, probably because filtering more strongly affects fast currents like the rising phase of mEPSCs. These data are consistent, then, with decreased cable filtering that decreases rise times and increases the amplitudes of mEPSCs in older neurons that were silenced for 2 days.
The amount of dendritic filtering for a synaptic event, in turn, depends on several factors, including the passive membrane prop- 
(Left). Older neurons inactivated for 48 h have an increased mEPSC frequency (Right). (B) Average mEPSC waveforms for control (gray) and TTX-treated neurons (black) (Left). Older neurons silenced for 48 h have an increased mEPSC amplitude (Upper Right).
There is no significant change in mEPSC charge transfer in older neurons silenced for 48 h (Lower Right).
erties of the neuron; accordingly, we measured R in in a subset of our neurons. In older neurons, we find no change after 1 day of silencing, but there was a significant increase in the R in of older neurons silenced for 2 days to 141.7 Ϯ 10.6% (n ϭ 2, n ϭ 9-10, P Ͻ 0.01; Fig. S4B ). Such increases in R in in these silenced neurons could decrease electrotonic decay, and explain the increase in mEPSC amplitude and faster rise times we observed. We also find significant increases in R in in younger neurons to 132.7 Ϯ 9.9% (n ϭ 3, n ϭ 13, P Ͻ 0.05) after 1 day of silencing and 160.7 Ϯ 12.5% (n ϭ 2, n ϭ 7-9, P Ͻ 0.001) after 2 ( Fig. S4B) , although no accompanying changes in mEPSC kinetics are evident, probably because the dendrites of these young neurons are too short to produce significant filtering. We also monitored the effects of silencing on other neuronal properties (N, n same as mEPSC data). Inactivated neurons exhibited no differences in membrane capacitance (C m ) or series resistance (R s ). However, we did find altered resting membrane potential after inactivation. Older neurons silenced for 1 day were slightly more hyperpolarized than controls (Ϫ58.2 Ϯ 0.8 mV vs. Ϫ55.3 Ϯ 1.0 mV, P Ͻ 0.05), whereas all other time points remained the same.
In summary, a homeostatic increase in resting membrane resistance occurs after silencing, and contributes to increases in the mEPSC amplitudes in the older neurons. Also, older neurons silenced for 2 days did show slightly increased GluR1 staining. Therefore, it is likely that this increase in synaptic receptors contributes, along with increased R in , to larger mEPSC amplitudes observed after prolonged silencing.
Discussion
This work examined synaptic strength and structure in silenced neurons to probe the dynamics of homeostatic responses during development. Table 1 summarizes the major results. First, there are 2 distinct, developmentally regulated modes for the expression of activity-dependent homeostasis at the synaptic level. After 1 day of silencing, young neurons exhibited solely postsynaptic potentiation, whereas more mature neurons responded with an entirely presynaptic strengthening. Second, postsynaptic strengthening in younger neurons did not depend on transcription, whereas presynaptic potentiation in older neurons did. Third, prolonged silencing in older neurons resulted in an expansion of postsynaptic homeostatic strengthening, whereas in younger neurons, synaptic strength at spontaneously releasing synapses returned to control levels, although evoked synaptic strength remained elevated. Fourth, we found changes in neuronal properties such as R in , kinetics of mEPSCs, and synapse number, indicating a wider range of homeostatic effects than previously appreciated.
Our finding of 2 developmentally regulated forms of potentiation, one strongly presynaptic in origin and another strongly postsynaptic, casts light on the source of conflicting reports of 2 general types of potentiation seen in different cell types, one mostly presynaptic in hippocampal cells, and another solely postsynaptic in visual cortical or spinal cord neurons (4). It was assumed that this dichotomy in neuronal responses was due to cell-type specific differences. However, our results demonstrate that activitydependent homeostasis, like many other forms of neural plasticity, is developmentally regulated, and neurons can express either a pre or postsynaptic form of strengthening. Our conclusions complement and extend the findings of a recent study finding a similar switch from post to presynaptic strengthening in cultured visual cortical neurons (11) . The similarity in the developmental dynamics of homeostatic strengthening across 2 different neuronal cell types suggests that this pattern may be common among excitatory neurons.
We note that our finding of no postsynaptic strengthening after 1 day of silencing in older neurons conflicts with previous studies in hippocampal neurons (10, 19) . These studies blocked glutamate binding to AMPA receptors to decrease activity, whereas we blocked APs directly with TTX. Both methods abolish activity, but TTX preserves signaling through spontaneous release. Decreased activity in vivo would similarly spare spontaneous release. A direct comparison between the effects of TTX and 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) on homeostatic strengthening showed that CNQX resulted in greater accumulation of AMPA receptors, presumably due to additional effects of mEPSC blockade (5) .
The clearest distinction in responses we report occurs between younger and older neurons after 1 day of silencing. However, we find that a second day of silencing produces interesting and unexpected results. Older neurons continued to exhibit increased presynaptic function, as shown by higher mEPSC frequency and larger size of the RRP. This additional day of silencing also resulted in elevated synaptic density. This type of structural plasticity has not been observed in visual cortical or spinal cord neurons (5, 7), nor does it occur in hippocampal neurons after only 24 h of silencing (this study and ref. 19 ). Our finding of increased synapse density after prolonged silencing raises the possibility that an increase in the number of synaptic release sites contributed to the elevated mEPSC frequency.
Also, the second day of silencing in older neurons resulted in postsynaptic changes of synaptic strength, as shown by increases in mEPSC amplitude of Ϸ20%. We find evidence for 2 mechanisms of postsynaptic strengthening. First, synaptic currents are increased due to slightly higher AMPA receptor expression (Ϸ10%), as shown by immunostaining for GluR1. Second, in older neurons silenced for 2 days, while mEPSC amplitude increased, the total synaptic charge transfer was unaffected, and the rise time of minis decreased. This constellation of changes in mEPSCs suggests decreased electrotonic filtering of synaptic transmission. As a synaptic current propagates from the synapse to the soma, its waveform is effectively low-pass filtered by the passive membrane properties of the neuron. The resulting current recorded from the soma will have a decreased peak amplitude and slower kinetics, although the area of the event is relatively less affected. A candidate mechanism for this decreased filtering is the increase in R in that we observed in older neurons silenced for 2 days. However, the relationship between increased R in and greater mEPSC amplitude was unclear. Experiments specifically probing the electrotonic properties of synaptic transmission will be required to evaluate the filtering of currents and possible alterations in silenced neurons. It is also worth noting that we measured the kinetics of mEPSCs in voltage clamp. However, in vivo synaptic events are propagated as voltage potentials, which are much more susceptible to electrotonic decay than currents.
To characterize activity-dependent homeostatic changes in neurons, we measured several indicators of synaptic strength: mEPSC frequency and amplitude, size of the RRP, amount of synaptic GluR1, and number of excitatory synapses. In younger neurons, changes in these measures were not always internally consistent. For example, in younger neurons silenced for 48 h, mEPSC frequency and amplitude were unaffected compared with controls (Fig. 4 ), yet RRP and GluR1 staining were elevated (Fig. S2) . However, it is clear that total EPSC size is larger after silencing (Fig. S1) , indicating that mEPSC analysis alone can be misleading. We also found that in 8 div neurons silenced for 24 h, there was a decrease in synapse number, but a smaller and statistically insignificant decrease in mEPSC frequency. We do not know the reason for this (20, 21) . Our results illustrate that it is not sufficient to rely solely on mEPSC analysis to determine the mechanisms underlying changes in synaptic strength. Also, a commonly accepted characteristic of homeostatic response, a gradual and cumulative increase in synaptic strength with increasing time of inactivation, was not observed in young hippocampal neurons. Clearly, the regulation of homeostatic responses in young hippocampal neurons is both complex and dynamic.
We examined the signal transduction pathways underlying homeostatic adjustment of synaptic strength by blocking mRNA transcription and looking for effects on potentiation. We find that our 2 modes of synaptic potentiation differed in their dependence on transcription. The postsynaptic form expressed in young neurons did not require transcription, whereas the presynaptic form in older neurons did. In younger neurons, then, the mechanisms underlying increased AMPA receptors at synapses must rely on some combination of posttranslational modification, increased mRNA translation, and decreased endosomal degradation of receptors. Work investigating the cycling of AMPA receptors has detailed the use of these mechanisms, both for rapid forms of plasticity like LTP, and slower forms such as homeostatic plasticity (15) . In contrast, presynaptic homeostatic plasticity in older neurons depends on transcription. Specifically, the loss of transcription prevents the increase in the size of the RRP underlying synaptic strengthening. We have not investigated the identity of the molecule(s) required for this strengthening, but we note that a previous study implicated calcium/calmodulin-dependent protein kinase II (CaMKII) in the homeostatic regulation of synaptic strength (10) . They also found that decreased activity resulted in elevated mEPSC frequency, and identified increased expression of the beta subunit of CaMKII as one of the molecular mechanisms underlying this strengthening. It may be that blocking transcription blocks this elevation in betaCaMKII and the downstream signaling pathways responsible for presynaptic strengthening.
Our work has demonstrated an unexpected richness and complexity in the phenomenon of activity-dependent homeostasis.
Methods
All experiments and analyses were done blind to the treatment of the cells.
Cell Culture. Hippocampal neurons were cultured as described previously (22) . At 7 or 14 div, cells were treated with 1 M TTX or an equal volume water. Experiments were performed after 1 to 2 days treatment, as indicated. For more details, see SI Methods.
Electrophysiology. All reagents were from Sigma unless otherwise noted. For recording mEPSCs, extracellular media contained (in mM): 119 NaCl/5 KCl/30 glucose/2 CaCl2/1.3 MgCl2/20 Hepes/0.1 picrotoxin/0.5 TTX. Intracellular solution contained: 121.5 K Ϫ gluconate/17.5 KCl/9 NaCl/1 MgCl2/10 Hepes/0.2 EGTA/2 MgATP/0.5 LiGTP. Electrode tip resistance ranged from 2 to 5 M⍀. Cells were held at Ϫ70 mV, and recording began 4 min after break-in. Voltages reported are not corrected for junction potential. Field-electrode evoked EPSCs were recorded as described previously (9), except series resistance was compensated 80%. For recording APs, both TTX and picrotoxin were omitted from the external. All experiments were done at room temperature. Recordings were made with an Axopatch 200B amplifier, low-pass filtered at 2 Hz, and digitized at 10 Hz. To minimize variability across culture preparations, on all experimental days, we recorded from a similar number of control and treated cells with a minimum of 3 per condition.
FM1-43 Imaging. Imaging was done as described previously (6) . The RRP of 
